Study objectives: During sleep deprivation (SD), failures to respond (FR) increase across a variety of tasks. This is the first systematic investigation of neural correlates of FR during SD. We use multivariate analysis to model neural activation separately for FR and responses (R) at each trial phase. Setting: In two experiments a delayed letter recognition task was performed in a 1.5T scanner at 9:30 am after two nights of total SD. Participants were continuously monitored in the laboratory. Participants: Healthy young adults from two SD experiments (combined n = 37; aged 25.55 ± 3.86 years). Materials and methods: Multivariate linear modeling (MLM) was used to find networks of activation that differed between FR and R. At each of three trial phases-encoding, retention, and test-two networks were expressed. In the encoding phase, the second network was seen during FR and was not seen during R. This network constituted widespread deactivations (∼26,000 voxels) of fronto-parietal and thalamic areas concomitant with activation of extrastriate cortex and hippocampus. In a multiple regression including activation during FR and R from all networks and all trial phases, expression of this encodingphase network during FR was the key predictor of SD-related performance impairment, operationalized as greater %FR (Á 2 p = 0.33), lower d and larger median RT (Á 2 p = 0.17). Conclusions: FR were most associated with neural disruptions occurring at the encoding phase when subjects must attend to and encode items. Further, expression of this FR-related encoding-phase network made the largest independent contribution to predicting vulnerability to overall SD-related impairment.
Introduction
Failures to respond, or non-responses (sometimes called errors of omission), have been noted to increase during sleep deprivation on a variety of tasks: serial subtraction [1] , psychomotor vigilance [2] , arrow flanker [3] , semantic judgment [4] , as well as working memory tasks [5] [6] [7] [8] . Understanding such failures to respond would seem to provide much insight into the disproportionate number of real-world accidents that have been attributed in part or in whole to sleep deprivation [9] . This is the first report focused on the neural correlates of failures to respond during sleep deprivation.
Two previous articles reported on failures to respond during sleep deprivation, although this was not the main focus of either article [4, 5] . Non-responses seemed to be associated with less activation of task-relevant areas as well as less activation of some additional areas. In these studies, however, activation was pooled across responded to and non-responded to trials, which may have obscured any neural activation that is only present during failures to respond.
We report here the first systematic investigation of neural correlates of failures to respond during sleep deprivation. Specifically, we examine networks of expression that differ between responded to and non-responded to trials on a delayed letter recognition task. The event-related design allows us to separate the encoding, retention, and test phases of each trial. We further investigate how 0166-4328/$ -see front matter © 2010 Elsevier B.V. All rights reserved. doi:10.1016/j.bbr.2010.11.012 expression of responded to and of non-responded to trials at each of these trial phases correlates with the performance decrement with sleep deprivation in terms of speed, accuracy, and non-responses.
Materials and methods

Participants
Participants were from two sleep deprivation (SD) experiments (n = 17 and n = 20). While changes were made to other experimental tasks, the delayed letter recognition task (DLR) was run according to the same protocol in each study. Younger adults were recruited from the community using flyers; age range was 20-35 (25.55 ± 3.86; 30 male, 7 female). All participants were right-handed with normal or corrected-to-normal vision and screened for medical and psychiatric disorders, the presence of a sleep disorder, and/or any substance abuse. Partial data from subjects from the first and/or second experiment were used in the cited reports, none of which focused on the present topic [5, [10] [11] [12] [13] . The experiment was performed with the understanding and written consent of each subject.
Task
The critical experimental factor for this DLR task was set size, which is the number of letters (either 1, 3, or 6) to be remembered on each trial. Set size was varied pseudo-randomly across trials. Each of three experimental blocks contained 10 trials at each of the three set sizes, with five true negative (i.e., non-matching) probes and five true positive (i.e., matching) probes per set size. In sum, there were a total of 30 trials at each of the three blocks for a total of 90 experimental trials per subject.
The sequence of trial events was as follows: first, a fixed blank inter-trial interval (ITI) of 3 s; then, a memory set of 1, 3, or 6 letters was presented for 3 s; next, there was a delay of 7 s during which the memory set had to be retained; finally, the probe was on the screen until the participants responded or 3 s had passed, whichever came first. In addition to the 3 s ITI, there were also 70 two-second intervals per block that were inserted in a random fashion between trials. For more details see [5] .
Protocol
Participants were continuously monitored in the laboratory. They were required to abstain from caffeine for 24 h prior to study participation and for the duration of the study. Participants kept sleep logs for two weeks prior to laboratory entry. Participants in the first SD study slept 7.8 ± 1 h per night; in the second SD study one subject had missing data, the other participants slept 8.1 ± 0.7 h per night. For both studies, the protocol for the DLR was the same. All participants received one training session with feedback prior to the initial scanned session. At this session they received 7 blocks of 30 trials; for the first 6 blocks feedback was provided while for the final block no feedback was provided. Then, the initial scanning session occurred at 9 am and the follow-up scanning session occurred at the same time 48 h later, to control for known circadian influences on the effects of sleep deprivation [14] . For more details of the protocol see [15] .
fMRI acquisition and preprocessing
During the performance of each block of the DLR, 207 blood-oxygen-leveldependent (BOLD) images [16, 17] were acquired with an Intera 1.5T Phillips MR scanner equipped with a standard quadrature head coil, using a gradient echo echoplanar (GE-EPI) pulse sequence (TE/TR = 50 ms/3000 ms; flip angle = 90; 64 × 64 matrix, in-plane voxel size = 3.124 mm × 3.124 mm; slice thickness = 8 mm (no gap); 17 trans-axial slices per volume). Four additional GE-EPI excitations were performed before the task began, at the beginning of each run, to allow transverse magnetization immediately after radio frequency excitation to approach its steady-state value; the images corresponding to these excitations were discarded. Data were spatially normalized using a T1-weighted spoiled gradient image (107 slices; 256 × 256 grid; FOV = 230 mm × 160.5 mm × 183.28 mm).
Task stimuli were back-projected onto a screen located at the foot of the MRI bed using an LCD projector which participants viewed via a mirror system located in the head coil. All participants wore MR compatible glasses as needed to have vision at their best corrected acuity (manufactured by SafeVision, LLC. Webster Groves, MO). Responses were made on a LUMItouch response system (Photon Control Company) using the index fingers of either hand. Task administration and collection of response data were controlled using PsyScope 1.2.5 [18] running on a Macintosh G3 iBook. Task onset was electronically synchronized with the MRI acquisition computer. A Carnegie Mellon Button Box (New Micros, Inc. Dallas, TX) provided digital input-output for the response system and synchronization with the MRI acquisition computer, as well as millisecond accurate timing of responses.
fMRI time-series (i.e., first-level) modeling
Time series modeling had regressors representing activity of the three trial phases-encoding, maintenance and test-separately for each set size (1, 3, or 6 letters). One rectangular regressor was used for each of the trial components: encoding (3 s in duration), maintenance (7 s in duration), and test (3 s in duration). Failures to respond (FR), which refer to trials without motor responses from the participant during the 3 s test period, were modeled separately. Additionally, trials where an incorrect response was made were modeled separately.
Multivariate linear modeling (MLM)
The goal of our analysis was to contrast brain activation during R with that observed during FR. As FR were negligible during baseline, this analysis was restricted to the fMRI data collected during sleep deprivation. The spatial networks that differed between R and FR during sleep deprivation were assessed via the application of the multivariate linear modeling (MLM) theory [19] . Specifically, MLM was used to determine if the group-mean contrast images (here the contrast was the slope across set size, which presumably reflects task-specific processes) could be expressed as linear combinations of one or more latent spatial variables, or networks. Singular-value decomposition (SVD) was performed for the encoding, retention, and test phases separately. Each SVD examined 1 effect of interest, which was the group mean contrast images for R and FR trials, respectively, generated by random effect group level General linear modeling (GLM) [20] within SPM5.
Sequential latent root testing, using a global F-test and an alpha level of 0.05, is used to determine the number of significant spatial networks. The maximal number of spatial networks is determined by the dimensionality of the F-contrast. Each Fcontrast compares R and FR trials and therefore has a dimensionality of two. Thus, the largest number of potentially significant spatial networks is two for each of the encoding, retention, and test phases.
The areas comprising each MLM network were represented visually, scaled by their singular values, as SPM(t). SPM(t) maps are presented with thresholds of a t-value corresponding to p < 0.001 uncorrected for multiple comparisons, and a minimum cluster (k) size of 50 voxels. These values are chosen simply to select the most prominent areas in the spatial networks. The Talairach coordinates and their anatomical labeling based on the template created with automatic anatomical labeling [21] were reported for local maxima of Z-scores in each network.
We calculated the observed expressions of each network by participants for R and FR trials, respectively. We summarized these observed expressions with a single value per participant (the individual subject expression) by taking the inner product of a vector of the observed expression values for that subject and a vector of the predicted expression values over conditions for that subject. In sum, each subject had a single value for network expression during R trials and likewise a single value for network expression during FR trials for each trial phase-encoding, retention, and test. These summarized observed expressions were used as dependent variables in a multiple regression to test hypotheses regarding the association between activation of the networks and behavioral performance impairments with SD (see below).
Brain-behavior analyses
Two multivariate general linear models were used-the full and the reduced model. For all models our dependent variables (DVs) constituted the change in performance from the first to the second session (i.e., the change in performance with SD) for (1) percent FR, (2) d , a measure of accuracy and (3) median RT. For the full model, the independent variables (IVs) were Group (i.e., the first SD group versus the second SD group), and expression of the spatial networks found in the MLM analysis described above: that is, the expression of each spatial network found in each condition (R versus FR trials) at each phase (encoding, retention, and test). As we found two networks for each of two trial types at three test phases this yielded 12 network expression scores (Encoding Network 1 during R, Encoding Network 1 during FR, etc.). We also initially included the crossing of group with each of the 12 network expression scores as IVs. As none of these crossings were significant, our reduced model dropped these 12 crossings and only retained the main effect of Group. Significance was assessed with the approximate F derived from Wilke's , with˛= 0.05. If the multivariate F was significant, than any significant univariate Fs were interpreted.
Results
Group behavioral results
As expected, during SD participants were slower, less accurate, and displayed more FR on the DLR. Specifically, participants slowed down an average of 158 ± 32 ms during SD; further, d values fell by 1.3 ± 0.2, and the percentage of FR increased significantly from 1 ± 0.4% to 31 ± 16%. The increase in FR was not correlated with the increase in median RT (r = 0.005, p = 0.98), indicating that the greater number of FR during SD were not just an artifact of slowing. The increase in FR was, however, correlated with the decrease in accuracy (r = −0.46, p = 0.0002). 
MLM analysis: neural network results
Encoding phase: During the encoding phase, the MLM analysis comparing activation in R and FR identified 2 significant spatial networks. We calculated network expression in each subject for both R and FR. These are illustrated in Fig. 1 . The areas comprising each MLM network are represented visually in Fig. 2 . Additionally, precise Talairach coordinates for local maxima of Z-scores are reported as supplementary information (Supplementary Tables S1 and S2) .
Network 1 was expressed in both in R and FR. However, it was expressed significantly more in R than in FR (K-S, p < 0.0001). Thus, Network 1 revealed that for the encoding phase, R and, to a lesser extent, FR, were associated with a network of brain regions that included 1) activations in the thalamus and lingual gyrus and 2) deactivations in the extrastriate cortex, anterior cingulate, and middle and inferior frontal gyri. See Figs. 1 and 2 and Supplementary  Table S1 .
Network 2 was expressed significantly differently between R and FR (K-S, p = 0.005). The average network expression for R was near zero, suggesting that this network was expressed during FR only. Specifically, FR were associated with a network that involved (1) activations in extrastriate cortex and hippocampus and (2) deactivations across a broad range of areas including the thalamus, Regions of network activation. SPM(t) maps are presented with thresholds of a t-value corresponding to p < 0.001 uncorrected for multiple comparisons, and a minimum cluster (k) size of 50 voxels; for the first network of the test phase activation was the highest and this first test network was therefore thresholded at p < 0.0001. Red indicates areas more activated than during rest; blue indicates areas less activated than during rest. lingual gyrus, cingulate gyrus, medial and superior frontal gyri, precentral gyrus, superior and inferior parietal lobule, angular gyrus, and the precuneus. See Figs. 1 and 2 and Supplementary Table S2 .
Retention phase: Two significant networks were identified in the retention phase (Figs. 1 and 2 and Supplementary Tables S3 and  S4 ). Network 1 was expressed during both R and FR. This network was expressed relatively more for R, however, and this difference was significant (p < 0.0001). The regions that made up this network included: (1) activations in the thalamus, the caudate body, and the caudate tail and (2) deactivations in the middle temporal gyrus, the parahippocampal gyrus, and the lingual gyrus.
Network 2 was also expressed for both R and FR. There was a trend for the network to be more highly expressed for FR (p = 0.066). This network involved (1) Table S4 .
Test phase: Two significant networks were identified in the test phase ( Figs. 1 and 2 and Supplementary Tables S5-S6). Expression of Network 1 was significantly different for R and FR (K-S, p < 0.0001), which were on opposite sides of zero (so in the opposite direction of one another). R were associated with (1) activations in the pulvinar of the thalamus and the caudate tail and (2) deactivations in the mammillary body, precuneus, and the posterior cingulate. For FR this pattern is reversed (i.e., deactivations in the pulvinar and caudate tail and activations in the mammillary body, precuneus, and the posterior cingulate).
Expression of Network 2 was not significantly different between R and FR (K-S, p = 0.92). R and FR were both associated with (1) activations in the thalamus, parahippocampal gyrus, precentral gyrus, inferior and medial frontal gyrus, cingulate gyrus, caudate body, the lentiform nucleus of the putamen, and the superior parietal lobule and (2) deactivations in the parahippocampal gyrus. See Figs. 1 and 2 and Supplementary Table S6.
Brain-behavioral results
A multiple regression was performed to look for any associations between the change in behavioral performance during SD and expression of any of the neural spatial networks. The behavioral variables were % FR, median RT, and d . Neural activation was available for R and FR trials separately at encoding, retention, and test phases. As each of these phases had two networks this yielded 12 neural spatial networks.
Our full model confirmed the absence of any interactions between SD group and expression of any of the 12 neural spatial networks. Our reduced model had an R-square value of 0.57 with p = 0.022. See Supplementary Table S7 for a summary of F values for all effects. Significant multivariate effects were as follows: group predicted median RT such that change in median RT with SD was higher in the second SD group (Partial Eta Squared = 0.27); greater activation of the second network of the encoding phase in R (i.e., Stm Eig2 R) correlated with a bigger drop in accuracy with SD as measured by change in d (Partial Eta Squared = 0.23); greater activation of Stm Eig2 FR correlated with bigger decrements during SD for all three behavioral variables (Partial Eta Squared = 0.33 
Discussion
This is the first systematic investigation of neural correlates of failures to respond during sleep deprivation. Healthy young adults were scanned while performing a working memory task of delayed letter recognition before and after 48 h of sleep deprivation. The expected performance impairment in terms of reduced speed and accuracy and increased percentage of FR was observed during sleep deprivation. Here we used a multivariate analysis to compare the recruitment of neural networks between FR and R during sleep deprivation. This was done separately for the encoding, retention, and test phases of each trial. We found that FR during sleep deprivation originated during the earliest, encoding phase of the trial. Further, neural activity during FR at this phase was the largest independent predictor of vulnerability to overall performance impairments during sleep deprivation. As such, expression of this network may constitute a biomarker for vulnerability to sleep loss.
Neural networks and behavior
At each of the three trial phases we found two networks expressedin a total of six networks. As expected from previous literature of working memory tasks [4, 5] , fronto-parietal, visual, and thalamic regions were heavily implicated. For detailed information about the regions involved in each network please consult the figures and supplementary tables.
A multiple regression was performed to examine any associations between change in behavioral performance during sleep deprivation and expression of any of the spatial networks. For each subject and each of the six networks (two at each of three task phases), there was one score representing the expression of a given network averaged across FR trials and a second score representing the expression of a given network averaged across R trials. This analysis thus contained 12 neural predictors and 3 behavioral outcome variables (%FR, d , and median RT).
Greater expression of the second encoding phase network during FR was independently associated with greater SD-related impairment in all 3 behavioral variables. This suggests that activation of this network may constitute a biomarker for overall vulnerability to sleep loss. This network involved lesser activation of fronto-parietal, thalamic, and visual areas-superior and medial frontal gyrus, superior and inferior parietal lobule, thalamus, and the lingual gyrus-alongside greater activation of extrastriate cortex and hippocampus. Activation of the second retention phase network during FR was also independently associated with greater %FR, albeit to a lesser extent. This network involved activations of dorso-and ventrolateral prefrontal gyrus, middle temporal and parahippocampal gyrus, and the caudate body and head; concomitant with deactivations in the superior frontal gyrus, anterior and posterior cingulate, precuneus and cuneus, insula, and thalamus.
While speculative, it could be that activation during the encoding phase is most strongly associated with performance because if an item is not successfully encoded, then the subject will necessarily not be able to successfully retrieve the item. This also supports Chee's hypothesis that deficits in visual processing underly working memory deficits during sleep deprivation. Activation during the retention period accounted for some unique variance, albeit to a lesser extent. This may indicate that some items were successfully encoded but failed to be maintained in working memory throughout the retention period. Activation during the retrieval period did not correlate with FR. This is in line with our previous behavioral results which indicated that the components of cognitive functioning operating during this phase-i.e., scanning through working memory, deciding yes or no, and making the motor response-are not affected by sleep deprivation [5, 7, 22] .
Extending previous literature
While not the primary focus, two previous articles report some correlates of FR during sleep deprivation [4, 5] . As part of a larger investigation, Chuah et al. [4] reported on the magnitude of activation in task-relevant regions during a semantic judgment task (living or non-living). 26 healthy young participants (13 males) were scanned four times: two replications of a scan at 6:30 am of a single night of sleep deprivation, and two replications of a scan at 9:00 am after a night of sleep. Participants took either donepezil or placebo daily for at least 7 days prior to each scan. Whether sleep deprivation was prior to or after the rested session was counterbalanced within participants.
Fronto-parietal and visual areas emerged as important for this task: specifically the inferior frontal gyrus, inferior and superior parietal cortex, and the fusiform gyrus. Less activation in taskrelated areas during SD was associated with more FR. There were some fronto-parietal areas: the middle frontal gyrus and intraparietal sulcus-that were also implicated indirectly in FR as they were associated with the effect of donepezil administration in reducing FR. Of the above regions, our FR-related encoding-phase network included the inferior and superior parietal areas.
Habeck et al. (2004) scanned 18 healthy young participants after a night of sleep at 9:00 am and again at 9:00 am two days later after 48 h of sleep deprivation during performance of a working memory task of delayed letter recognition (DLR). This constituted the first of the two studies whose data are analyzed in the present report. Using a different multivariate technique than that used here, ordinal trends analysis, a network of brain regions was found that changed expression with sleep deprivation in as many participants as possible. This network was comprised of deactivation of parietal and visual processing regions-superior and inferior parietal areas and ventral stream visual areas-alongside activation in the anterior cingulate gyrus and thalamus. Although not the focus of the article, it was noted that the increase in network expression pre to post could predict the increase in the FR pre to post as well as other impairments including the drop in accuracy and the increase in response time variability. The activation here in superior and inferior parietal regions was also seen in the above Chuah et al. study and in the present analyses as well.
Taken together, the two above studies suggest that FR are associated with less activation of task-relevant areas, particularly parietal and visual areas. Regions associated with FR across the above two studies and the present analyses are the inferior and superior parietal areas. For the first time we model activation during FR separately rather than pooling across FR and R trials. We find that during the encoding phase FR are associated with less activation of fronto-parietal, thalamic, and visual areas-superior and medial frontal gyrus, superior and inferior parietal lobule, thalamus, and the lingual gyrus-but also with activation of extrastriate cortex and hippocampus.
FR in relation to slowest responses
Both FR and abnormally slow responses are grouped together as lapses by sleep researchers [22] . Indeed, the definition of a lapse as "the failure to respond in a timely fashion to a presented stimulus" covers both abnormally slow responses as well as non-responses. It has been observed that the longer a lapse is, the more likely it is to involve slow eyelid closures and/or entry into microsleep (i.e., brief periods of sleep that intrude into wakefulness under periods of sleep deprivation) [22] . Thus, the handful of studies involving neural modeling of lapses during sleep deprivation discarded FR in order to avoid including trials that involved eyelid closures and microsleep [23] [24] [25] .
Here we do not discard FR but instead model them directly as, from our perspective, slow eyelid closures and microsleep do not reflect random nuisance but instead reflect the experimentally manipulated effect of interest, increasing sleep pressure. As such, neural activity during these trials may-in part-reflect sleepinitiating processes known to contribute to cognitive impairments during sleep deprivation [9] . We note that the areas we identify as related to FR do not overlap with those reported to occur during onset to stage one sleep in one previous study using rested subjects [25] yet it is possible that sleep onset looks differently during sleep deprivation. Even if, however, as is likely, subjects were experiencing such eyelid closures and microsleeps on some trials we do not see this as a problem but instead as evidence of the success of our experimental manipulation.
In this section, we compare our results to those obtained in the handful of investigations that have been conducted on the neural signature of the slowest responses during sleep deprivation. Specifically, these studies examined neural activation during the 10% slowest responses and during the 10% fastest responses as compared to the middle 80% of responses during sleep deprivation [23, 25] . Note that for these studies FR were discarded. Chee et al. [23] scanned 24 young individuals at 6:00 am after a night of SD and one week later at 8:00 am when rested; the order of these two sessions (i.e., SD versus wake) was counterbalanced between subjects. The authors found that the slowest responses during sleep deprivation on a global-local letter identification task were associated with decreased peristimulus activation (1.5-3 s after stimulus onset) in fronto-parietal areas-the medial frontal cortex and intraparietal sulcus-alongside an increased peak signal in these areas later on in the trial. Further, the thalamus and extrastriate cortex showed decreased activation throughout the trial during the slowest responses. Chee et al. interpreted their findings in line with wake-state instability theory. That is, they explained the slowest RTs as arising with transient depressed activation that may be caused as an interaction between sleep-promoting mechanisms and voluntary mechanisms engaged to stay awake which interferes with attentional mechanisms. Specifically, they implicated a failure of selective attention to augment visual sensory processing, particularly extrastriate visual areas.
Drummond et al. [25] scanned 20 young subjects between 6:00 pm and 8:00 pm after a night of rest and at a second session between 6:00 pm and 8:00 pm after 36 h of SD; the order of SD and wake was counterbalanced between subjects. The authors found differences in activation between the slowest and the fastest 10% of responses utilizing the Psychomotor Vigilance Task, which measures simple RT. Drummond et al. found a greater magnitude of activation in fronto-parietal, thalamic, and visual processing areas (here the medial and middle frontal gyrus, superior and inferior parietal lobe, and the cuneus). This is parallel to what Chee et al. found except that in the Chee et al. study there was lesser activation in thalamic and visual processing areas. Again, the magnitude of activation was associated with the degree of vulnerability in performance. Two interpretations were put forth to explain these greater activations with lapsing. The first was that these activations of regions involved in the default network indicate that sleep deprived participants may sometimes fail to disengage processing away from the default network; this failure to overcome default network processing was theorized to produce slow responses. The second explanation was that activation of these areas represented a compensatory response immediately following the detection of the slow response. Like Chee et al., Drummond et al. also hypothesized that the differences in activation between the slowest and the fastest responses are a manifestation of state-instability theory.
Chee and Tan [24] investigated slowest responses during sleep deprivation using a global-local letter identification task similar to the one they reported on in their earlier study outlined above; they further performed a median split to divide subjects into those vulnerable and those non-vulnerable to sleep deprivation on the basis of performance accuracy. As before, they found that lapses were associated with an increase in parietal activation-intraparietal sulcus-and a decrease in thalamic activation. The extrastriate cortex showed the biggest drop in activation with sleep deprivation across all trials; this lowered activation did not differ between lapses and non-lapses. Vulnerable people did not display increased activation in their intraparietal sulcus during lapses, and showed more of a decrease in thalamic activation during lapses. Also, vulnerable participants had lower extrastriate activation overall. The authors interpreted the results as reflecting a failure during sleep deprivation in vulnerable individuals of top-down selective attentional control of sensory processing.
In accord with previous studies, we find that lapses are associated with changes in fronto-parietal, thalamic, and visual processing regions and that these changes are highest in the most vulnerable individuals. Thus, in spite of previous concerns about the suitability of including FR, the results here when examining FR directly are similar to those found when discarding FR. The current study confirms that these changes in activation are occurring during the earliest phases of each trial (i.e., the encoding phase). This finding is in line with previous reports that the effects of sleep deprivation on working memory tasks have more to do with attention and encoding than on memory storage and/or retrieval [5, 7] .
Summary
This constitutes the first analysis focusing on the neural signatures of FR, known to increase during sleep deprivation across a variety of tasks. The great degree of overlap of brain activation between FR and R trials suggests that task-relevant processing was going on during FR trials. Additionally, FR were uniquely associated with a network comprised of widespread deactivations including fronto-parietal and thalamic areas concomitant with activation of extrastriate cortex and hippocampus; this network was expressed during the encoding phase of the trial. Moreover, expression of this network during FR made the largest independent contribution to predicting performance impairments during sleep deprivation for all variables examined: FR rate, accuracy, and median RT. Thus, in this first investigation of FR activation we have demonstrated that these trials contain important and interesting new information about the effects of sleep deprivation on cognition. Indeed, studying FR activation may provide traction in understanding and preventing safety-critical performance lapses. Additionally, FR activation may constitute a biomarker for individual vulnerability to these adverse events during conditions of sleep loss.
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